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Synaptic plasticity of the female hippocampus may cyclically fluctuate across the estrous 
cycle. The spine density fluctuation had been explained by fluctuation of plasma estradiol 
(E2) and progesterone (PROG), with the assumption that these steroids penetrate into 
the hippocampus. Recently, however, we demonstrated that male hippocampal levels 
of sex steroids are much higher than those in plasma, suggesting a weak contribution 
of plasma steroids to the spine density. By combination of mass-spectrometric analysis 
with HPLC-purification and picolinoyl-derivatization of hippocampal sex steroids, we 
determined the accurate concentration of E2 and PROG at four stages of plasma 
estrous cycle including Proestrus (Pro), Estrus (Est), Diestrus 1 (D1), and Diestrus 2 (D2). 
Hippocampal levels of E2 and PROG showed cyclic fluctuation with a peak at Pro for E2 and 
at D1 for PROG, having a positive correlation with the plasma estrous cycle. All these sex 
steroid levels are much higher in the hippocampus than in plasma. Even after ovariectomy 
a significant levels of E2 and PROG were observed in the hippocampus. The total spine 
density showed higher values at Pro and D1 , and lower values at Est and D2, having a good 
correlation with the peak levels of hippocampal E2 or PROG. We also examined fluctuation 
of the head diameter of spines. Interestingly, mRNA expression level of steroidogenic 
enzymes (P450arom and 17p-HSD, etc.) and sex-steroid receptors did not significantly 
change across the estrous cycle. Therefore, the fluctuation of total hippocampal PROG 
(equal to sum of hippocampus-synthesized PROG and plasma PROG) may be originated 
from the contribution of cyclic change in plasma PROG, which can induce the fluctuation 
of total hippocampal E2, since steroid conversion activity of hippocampus might be nearly 
the same across the estrus cycle. 
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INTRODUCTION 

Sex steroids play an indispensable role in the regulation of the 
neural properties in the brain (Hajszan et al, 2007; McCarthy, 
2008). For example, 17f5-estradiol (E2), converted from testos- 
terone (T), induces sexual dimorphism in the preoptic area and 
the ventromedial nucleus of the hypothalamus (Gorski et al., 
1978; Davis et al., 1996). The hippocampus is a target for neu- 
romodulatory actions of sex hormones. 

In vivo supplementation with estrogen enhances the 
hippocampus-related learning scores of ovariectomized (OVX) 
female rats (Luine et al., 2003; Sandstrom and Williams, 2004; 
Sinopoli et al., 2006) or monkeys (Rapp et al., 2003), and rescues 
the density of dendritic spines in CA1 region of the hippocampus 
in OVX female rodents or primates (Gould et al., 1990; Woolley 
and McEwen, 1993; HaoJ et al, 2003; Tang et al, 2004; MacLusky 
et al., 2005). In vitro E2 supplementation to male hippocampal 

Abbreviations: ADione, androstenedione; Dl, Diestrus 1; D2, Diestrus 2; E2, 
estradiol; El, estrone; Est, Estrus; LC-MS/MS, liquid chromatography with 
tandem-mass-spectrometry; Pro, Proestrus; PROG, Progesterone; PFBz, pentaflu- 
orobenzoxy; T, testosterone. 



slices increases the density of CA1 spines and enhances the 
long-term depression (LTD) of adult rats (Mukai et al., 2007). 

In female rats, the circulating female sex steroid levels are 
largely altered depending on the estrus cycle composed of 4 stages, 
including Proestrus (Pro), Estrus (Est), Diestrus 1 (Dl), and 
Diestrus 2 (D2) (the stage duration is 1 day each) (Watanabe et al., 
1990). Plasma E2 level shows a peak at Pro, is reduced at Est and 
Dl, restored to some extent at D2, and increased at Pro. After the 
ovulation, plasma progesterone (PROG) level shows a peak at Dl. 

Many studies report the estrous cycle-dependent changes in 
the female hippocampal synaptic plasticity, including the density 
of spines (Woolley and McEwen, 1992; Bi et al., 2001; Markham 
et al., 2005), the magnitude of long-term potentiation (LTP) 
(Good et al., 1999; Warren et al., 1995) and the performance of 
hippocampus-dependent tasks such as spatial learning (Warren 
and Juraska, 1997) and object recognition test (Waif et al, 2006). 

These female hippocampal changes are explained as the con- 
sequence of the changes in the level of circulating E2 or PROG 
which is assumed to penetrate into the hippocampus. Recent 
studies, however, show that adult male rat hippocampal neurons 



Frontiers in Neural Circuits 



www.frontiersin.org 



October 2013 | Volume 7 | Article 149 | 1 



Kato et al. 



Female hippocampal-synthesized estrogens regulate spines 



synthesize estrogen and androgen whose levels are higher than 
those in plasma (Kawato et al., 2002; Hojo et al., 2004, 2008; 
Okamoto et al., 2012). In vivo inhibition of E2 synthesis by letro- 
zole injection suppressed LTP-induction in female hippocampus 
(Vierk et al., 2012). Therefore, the female hippocampal levels of 
E2 and PROG in each stage of cycle should be determined to 
answer several questions; for example, (1) are sex steroid levels 
in the hippocampus much higher than those in plasma? or (2) are 
hippocampal sex steroid levels cyclically fluctuating ? 

Here, we investigate whether the levels of sex steroids, steroido- 
genic enzymes and sex steroid receptors change across the estrous 
cycle. We determine the accurate concentration of sex steroids in 
the hippocampus by using liquid chromatography-tandem mass 
spectrometry (LC-MS/MS). 

MATERIALS AND METHODS 
ANIMALS 

Wistar rats (10 weeks old) were purchased from Saitama 
Experimental Animals Supply (Japan). The estrous cycle of female 
rats was monitored with morning vaginal smears. Only those 
rats showing three consecutive 4-day cycles of Pro, Est, Dl, and 
D2 were used at the age of 12 weeks old. OVX and sham oper- 
ations were performed 2-weeks before (at 10 weeks old) the 
experiments. For estradiol replacement, OVX rats received sub- 
cutaneous injection of E2 (40 u,g/kg body weight) dissolved in 
sesame oil, 5 h before hippocampal E2 measurements. Male rats 
were also used at the age of 12 weeks old. All animals were main- 
tained under a 12 h light/12 h dark exposure and free access to 
food and water. The experimental procedure of this research was 
approved by the Committee for Animal Research of the University 
of Tokyo. 

CHEMICALS 

E2, T, estrone (El), androstenedione (ADione), and progesterone 
(PROG) were purchased from Sigma (USA). Picolinic acid was 
from Tokyo Chemical Industry (Japan) and [1,2,3,4- 13 C4]E2 
and [1,2,3,4- 13 C 4 ]E1 were from Hayashi Pure Chemical (Japan). 
T-d3, ADione-dy, PROG-d4 were from CDN Isotope Inc. 
(Canada). [ 3 H] labeled steroids ([2,4,6,7- 3 H]-E2, [1,2,6,7- 3 H]-T, 
[2,4,6,7- 3 H]-El, [l,2,6,7- 3 H]-PROG, and [l,2,6,7- 3 H]-ADione) 
were purchased from Perkin Elmer (USA). 

MASS-SPECTROMETRIC ASSAY OF STEROIDS 

Detailed procedures are described elsewhere (Hojo et al., 2009). 

Step (1) Purification of steroids from hippocampi with normal phase 
HPLC 

A rat was deeply anesthetized and decapitated at 10-10:30 a.m., 
since at this time window E2 surge at Pro occurs in plasma 
(Gorski et al., 1975). The whole hippocampi was removed and 
homogenized. To calculate the recovery of steroids, radioac- 
tive steroids (20,000 cpm) were added as internal standards to 
hippocampal homogenate. To extract steroid metabolites, ethyl 
acetate/hexane (3:2 vol/vol) was applied to the homogenates 
which were then mixed. The mixture was centrifuged at 2500 x g 
and the organic layer was collected. After evaporation, the extracts 
were dissolved in 1 ml of 40% methanol/H20 and applied to a 



Ci8 Amprep solid phase column (Amersham Biosciences, USA) 
to remove contaminating fats. The extracts were dried, dissolved 
in an elution solvent of HPLC. The steroid metabolites were 
separated into PROG, El, E2, ADione, and T using a normal 
phase HPLC system (Jasco, Japan) with an elution solvent of hex- 
ane: isopropylalcohol: acetic acid = 98:2:1. A silica gel column 
(0.46 x 15 cm, Cosmosil 5SL, Nacalai Tesque, Japan) was used. 

By monitoring 3 H-steroids, the recoveries of PROG, El, E2, 
ADione, and T and were 44 ±3, 43 ± 2, 46 ±4, 47 ± 4, and 

49 ± 4%, respectively, after extraction, Cis column treatment and 
normal phase HPLC separation. Purification of steroids from the 
blood plasma was also performed. Plasma was prepared by cen- 
trifugation at 1900x g, 4°C for 15min of trunk blood collected 
from the same rats used for the measurements of hippocampal 
steroids. Extraction of sex steroids was performed by centrifuga- 
tion at 2500 x g of the mixture of plasma with 100% ether, and the 
organic layer was collected and evaporated. As internal standards, 
100 pg of isotope labeled steroids (PROG-d 4 , 13 C 4 -E1, 13 C 4 -E2, 
ADione-dy, and T-d3) were added to steroid extracts. 

Step (2) Derivatization of HPLC-purified steroids before application 
to LC (reverse phase)-MS/MS 

Preparation and purifiation of E2-pentafluorobenzyl (PFBz)-17- 
picolinoyl-ester, T-17-picolinoyl-ester, El-picolinoyl-ester were 
performed with slight modification of previous methods (Hojo 
et al., 2009). For preparation of E2-PFBz-picolinoyl, evapo- 
rated E2 extracts from the hippocampus or evaporated total 
steroid extracts from plasma, were reacted with 150 (xL of reac- 
tion reagent (2.5% pentafluorobenzyl bromide/acetonitrile: 0.8% 
KOH/ethanol = 2:1) at 53°C for 1 h. After evaporation, the prod- 
ucts were reacted with 50 (xl of picolinoic acid suspension (4% 
picolinoic acid, 4% of 4-dimethylaminopyridine, 2% 2-methyl- 
6-nitrobenzoic anhydride in tetrahydrofuran anhydrous) (i.e., 
80 mg of picolinoic acid, 80 mg of 4-dimethylaminopyridine, 
40 mg of 2-methyl-6-nitrobenzoic acid in 2 mL of tetrahydrofu- 
ran) and 20 [iL of triethylamine, for 0.5 h at room temperature. 
The reaction products dissolved in 1% acetic acid were purified 
using a Bond Elute Ci8 column (Varian, USA). The dried sample 
was dissolved in elution solvent of LC. For preparation of El- 
3-picolinoyl-ester and T-17-picolinoyl-ester, evaporated steroid 
extracts from the hippocampus or plasma were reacted with 

50 |xl of picolinoic acid suspension (4% picolinoic acid, 4% of 4- 
dimethylaminopyridine, 2% 2-methyl-6-nitrobenzoic anhydride 
in tetrahydrofuran anhydrous) and 20 |iL of triethylamine, for 
0.5 h at room temperature. The reaction products were purified 
with the Cis column by using 80% acetonitrile. The purified El 
or T-derivative was dissolved in elution solvent of LC. For PROG 
and ADione, derivatization was not performed. 

Step (3) Determination of the concentration for PROG, El, E2, 
ADione, and T using LC-MS/MS 

For determination of the concentration of all the steroids, the LC- 
MS/MS system, which consists of a Shimadzu HPLC system and 
an API-5000 triple stage quadrupole mass spectrometer (Applied 
Biosystems, USA) were employed. LC chromatographic separa- 
tion was performed on a Cadenza CD-Cis column (3 x 150 mm, 
3 u,m, Imtakt Japan). MS analysis was operated with electro spray 
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ionization (ESI) in the positive-ion mode. The isotope-labeled 
steroid derivatives were used for calibration of retention time 
by monitoring the m/z transition, from 318 to 100 for PROG- 
d 3 , from 380 to 161 for El- 13 C 4 -picolinoyl, from 562 to 343 for 
E2- 13 C 4 -PFBz-picolinoyl, from 294 to 113 for ADione-d 7 , and 
from 397 to 256 for T-d3-picolinoyl-ester, respectively. Isotope- 
labeled steroid derivatives were used for internal standards in 
order to measure recovery of steroids as well as to calibrate the 
retention time. By monitoring isotope steroids, the recoveries of 
PROG, El, E2, ADione, and T were determined as 72 ± 4, 75 ± 5, 
86 ±2, 73 ± 4, and 74 ± 4%, respectively, after derivatization, 
purification and MS/MS detection. 

In the multiple reaction monitoring mode, the instrument 
monitored the m/z transition, from 315 to 97 for PROG, from 376 
to 157 for El-picolinoyl, from 558 to 339 for E2-PFBz-picolinoyl, 
from 287 to 109 for ADione, and from 394 to 253 for T-picolinoyl, 
respectively, (Figure SI; Table SI). Here, m and z represent the 
mass and charge of a steroid derivative, respectively. 

The limits of quantification for steroids were measured with 
blank samples, prepared alongside hippocampal samples through 
the whole extraction, fractionation, and purification procedures. 
The limits of quantification for PROG, El, E2, ADione, and T 
were 2, 1, 0.3, 2, and 1 pg per 0.1 g of hippocampal tissue or 1 ml 
of plasma, respectively (Table SI). 

From the calibration curve using standard steroids dissolved in 
blank samples, the linearity was observed between 2 and 1250 pg 
for PROG and ADione, between 1 and 1000 pg for El, between 
0.1 and 1000 pg for E2, and between 0.5 and 1000 pg for T, 
respectively (Figure S2). 

RT-PCR AND SOUTHERN BLOTTING 

The detailed procedures of mRNA analyses are described in else- 
where (Kawato et al, 2002; Hojo et al, 2004; Kimoto et al, 2010). 
Total RNAs were isolated from adult rat tissues such as hippocam- 
pus, ovary, and testis, using a SV total RNA Isolation System 
(Promega, USA). The purified RNAs were treated with RNase-free 
DNase to eliminate the possibility of genomic DNA contamina- 
tion, and quantified on the basis of the absorbance at 260/280 nm. 
The purified RNAs (100 ng) were reverse-transcribed to obtain 
cDNAs, using a M-MLV Reverse Transcriptase (Promega, USA). 
PCR was performed by using these cDNAs. The oligonucleotides 
for PCR amplification were designed as illustrated in Table S2. 
The PCR protocols comprised application of a 30 s denatu- 
ration period at 95° C, a 20 s annealing period at individual 
temperature for each enzyme, and a 30 s extension at 72°C, 
for individual number of cycles for each enzyme (Table S2). 
For semi-quantitative analysis, the RT-PCR products were sep- 
arated on 2% agarose gels, stained with ethidium bromide, 
and analyzed with a fluorescence gel scanner (Atto, lapan) and 
Image J software. In all the cases we first plotted amplifica- 
tion curves in order to choose the linear phase of PCR cycles 
(Figure S3). The semi-quantitative comparison between differ- 
ent estrus cycle stages can be performed after normalization 
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH, a house 
keeping gene) as internal standard. The optimal cycle number 
of GAPDH mRNA was determined as 17 from the amplifi- 
cation curve. The comparison of relative abundance between 



different estrous stages or between female and male was per- 
formed by using the normalized expression. Note that GAPDH 
expression was not changed across the estrus cycle. As positive 
control, we used the reference organ (ovary or testis). To further 
confirm the expression, Southern hybridization was performed. 
The amplified RT-PCR products were directly cloned into TA- 
cloning vector (Promega, USA), and sequenced. The resulting 
sequence was identical to the reported cDNA sequences of these 
enzymes. These cloned products were used as the template of 
DNA probes for Southern hybridization. After transfer of the RT- 
PCR products from agarose gels to nylon membrane (Hybond 
N+, Amersham, USA), Southern hybridization was performed 
with Fluorescein-labeled cDNA probes for these enzymes and 
GAPDH using a Gene Image Random Prime Labeling Module 
(GE healthcare, USA). The Southern hybridization signals were 
then measured using a LAS-3000 Image analyzer (Fuji film, 
Japan). 

IMAGING AND ANALYSIS OF DENDRITIC SPINE DENSITY AND 
MORPHOLOGY 

Slice preparation (perfusion-fixed slices) 

Hippocampal slices were prepared from a 12 week-old female 
or male rat deeply anesthetized and perfused transcardially with 
PBS (0.1 M phosphate buffer and 0.14 M NaCl, pH 7.3), followed 
by fixative solution of 3.5% paraformaldehyde. Decapitation was 
performed at 10:00-10:30 a.m., since we identified estrous stage 
at this time window. Immediately after decapitation, the brain 
was removed from the skull and post-fixed with fixative solu- 
tion. Hippocampal slices, 400 |xm thick, were prepared with a 
vibratome (Dosaka, Japan). 

Slice preparation (acute slices) 

Twelve weeks male rats were deeply anesthetized. Without 
paraformaldehyde fixation procedures, decapitation was per- 
formed. Immediately after decapitation, the brain was removed 
from the skull and placed in ice-cold oxygenated (95% O2, 
5% CO2) artificial cerebrospinal fluid (ACSF) containing (in 
mM): 124 NaCl, 5 KC1, 1.25 NaH 2 P0 4 , 2 MgS0 4 , 2 CaCl 2 , 
22 NaHC03, and 10 D-glucose (all from Wako); pH was set 
at 7.4. Hippocampal slices, 400 u,m thick, were prepared with 
a vibratome (Dosaka, Japan). These slices were "fresh" slices 
without ACSF incubation. Slices were then incubated in oxy- 
genated ACSF for 2 h (slice recovery processes) in order to 
obtain widely used "acute slices." These "acute" slices were 
then incubated at room temperature with E2 or PROG. 
Then, slices were prefixed with 4% paraformaldehyde at 4°C 
for4h. 

Current injection of neurons by Lucifer Yellow 

Neurons within slices were visualized by an injection of Lucifer 
Yellow under a Nikon E600FN microscope (Japan) equipped with 
a C2400-79H infrared camera (Hamamatsu Photonics, Japan) 
and with a 40 x water immersion lens (Nikon). A glass elec- 
trode was filled with 5% Lucifer Yellow, which was then injected 
for 15min using Axopatch 200B (Axon Instruments, USA). 
Approximately five neurons within a 100-200 (xm depth from the 
surface of a slice were injected (Duan et al, 2002). 
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Confocal laser microscopy and morphological analysis 

Spine imaging and analysis with confocal microscopy were 
performed as described previously (Komatsuzaki et al., 2005; 
Tsurugizawa et al., 2005; Mukai et al, 2006, 2011). We analyzed 
the spines of CA1 pyramidal neurons, along apical dendrites 
in stratum radiatum of the dorsal hippocampus. The branch 
order is secondary branch with 100-250 ixm distance from the 
soma (Murakami et al., 2006; Mukai et al, 2007; Komatsuzaki 
et al., 2012). CA2 and CA3 were not analyzed. Imaging was 
performed from sequential z-series scans with LSM5 PASCAL 
confocal microscope (Zeiss, Germany). For analysis of spines, 
three-dimensional images were constructed from ~40 sequen- 
tial z-series sections of neurons scanned every 0.45 u,m with a 
63 x water immersion lens, NA 1.2 (Zeiss). The excitation and 
emission wavelengths were 488 and 515 nm, respectively. The 
applied zoom factor (3.0) yielded 23 pixels per 1 |xm. The z- 
axis resolution was ~0.71 u,m. The confocal lateral resolution 
was ~0.26 |xm. Our resolution limits were regarded as sufficient 
to allow the determination of the density of thorns or spines. 

Confocal images were then deconvoluted using 
AUTODEBLUR software (AutoQuant, USA). The density of 
spines as well as the head diameter was analyzed with Spiso-3D 
(a software calculating the center of spine and diameter of spine 
head based on the geometrical parameters of spines) developed 
by Kawato's group of Bioinformatics Project (Mukai et al., 
2011). Spiso-3D has an equivalent capacity with Neurolucida 
(MicroBrightField, USA), furthermore, Spiso-3D considerably 
reduces human errors and experimenter labor. We analyzed the 
secondary dendrites in the stratum radiatum, lying between 100 
and 250 |xm from the soma. The spine density was calculated 
from the number of spines having a total length of 50-80 ixm. 
Spine shapes were classified into three categories as follows. 
(1) A small-head spine whose head diameter is 0.2-0.4 ixm. (2) 
A middle-head spine whose head diameter is 0.4-0.5 ixm. (3) 
A large-head spine whose head diameter is 0.5-1.0 (im. These 
three categories were useful to distinguish complex differences 
of spines across the estrus cycle. Because the majority of spines 
(>95%) had a distinct head and neck, and stubby spines and 
filopodium did not contribute much to overall changes, we 
analyzed spines having a distinct head. While counting the spines 
in the reconstructed images, the position and verification of 
spines was aided by rotation of three-dimensional reconstruc- 
tions and by observation of the images in consecutive single 
planes. 

STATISTICAL ANALYSIS 

Data are expressed as mean ± sem. For comparison of the level 
of hippocampus-synthesized steroids as well as analysis of spino- 
genesis, we used a One-Way ANOVA followed by Dunnett's test 
for multiple comparisons. A difference was considered significant 
at a value of *p < 0.05 or **p < 0.01. 

RESULTS 

DETERMINATION OF SEX STEROID LEVELS IN THE FEMALE 
HIPPOCAMPUS 

The concentration of sex steroids was determined for adult 
female rat hippocampus using a chromatogram analysis of the 



fragmented ions of steroid-derivatives. Results are summarized in 
Figures 1,2. 

El, E2, and T need derivatization before application to LC- 
MS/MS to determine their accurate concentrations in the brain 
where the absolute content of steroids is extremely low. We 
employ picolinoyl derivatization in order to improve limit of 
quantification (LOQ) (Table SI). In case of E2, pentafluoroben- 
zyl (PFBz) -derivatization was additionally performed simultane- 
ously, in order to increase evaporation probability in electrospray 
ionization procedures. 

In the chromatographic profiles of the fragmented ion of 
PROG and El-3-picolinoyl-ester, a single clear peak was observed 
at 7.60 and 6.76 min, respectively (Figures 1-1A, 1-2A). For 
these steroids, the retention time of the observed steroid peak 
was the same as that of standard steroid (Figures 1-1B, 1-2B). 
Chromatographic profiles for the fragmented ions of E2-PFBz- 
picolinoyl showed a clear peak with the retention time of 
7.01 min which was the same as that of the standard E2 
derivative (Figures 1-3). In the chromatographic profiles of 
the fragmented ion of ADione and T-17-picolinoyl-ester, a 
major peak was observed at 5.56 and 4.84 min, respectively 
(Figures 1-4). 

To confirm the assay accuracy, the hippocampal homogenate 
spiked with known amounts of the steroids was prepared and its 
concentration of steroid was determined (Table S3). Satisfactory 
accuracy was obtained, supporting the accuracy of determined 
hippocampal steroid content in Figure 2 and Table 1. The LOQs 
were defined in Table SI as the lowest value with an accept- 
able accuracy (90-110%) and precision (i.e., RSD <10%). The 
results of intra-and inter-assay were shown in Table SI. The 
RSD for intra-and inter-assay was less than 6.3 and 9.2%, 
respectively. 

In order to compare hippocampal levels of steroids with 
plasma steroids, we converted ng/g wet weight to nM concen- 
tration via the following estimation (see Table 1). First, 1 mL of 
Plasma (93% is water) is assumed to have 1 g weight, as 1 mL of 
water has 1 g weight. Second, we assume that the hippocampal 
tissue having 1 g of wet weight has an approx. volume of 1 mL, 
as nearly 78% of the brain tissue consists of water (Mcllwain, 
1985). Consideration of specific volume of protein and lipids 
(0.7-1.0 mL/g) in the brain further support this assumption 
(Tanford et al, 1974; Xie and Stone, 1986; Kimoto et al., 2001). 

Using the average hippocampal volume of 0.124 mL (deduced 
from 0. 124 ± 0.002 wet weight for one whole hippocampus of 12 
weeks old female rat, n = 44), the concentrations of E2, T, PROG, 
ADione and El in the hippocampus were calculated at each stage 
of estrous cycle. Based on these considerations, 0.95 ng/g wet 
weight of E2 in the hippocampus at Pro corresponds to 4.3 nM. 
(Table 1). 

CYCLIC FLUCTUATION OF FEMALE SEX STEROIDS (PROG, E1, AND E2) 
PROG (Figure 2-1; Table 1) 

The hippocampal PROG showed cyclic fluctuation, having 
good correlation with the plasma estrous cycle, with a peak 
at Dl (~87nM) and low level at Pro, Est, and D2 (40- 
50 nM). The level of hippocampal PROG was approximately 
2-fold of that of circulating PROG along the entire estrous 
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FIGURE 1 | Mass-spectrometric analysis of hippocampal sex-steroids 
(12-week-old rats). LC-MS/MS ion chromatograms of PROG (1), E1 (2), 
E2 (3), and ADione (4). (1A), (2A), (3A), and (4A) represent the 
chromatograms of the fragmented ions of each steroid from the 
hippocampus. Shaded portions indicate the intensity of fragmented ions of 
PROG (m/z = 97), E1 (m/z = 157), E2 (m/z = 339), and ADione (m/z = 
109), respectively. (IB), (2B), (3B), and (4B) represent the chromatograms 
of the fragmented ions of the standard steroids. The vertical axis indicates 
the intensity of the fragmented ion. The horizontal axis indicates the 



retention time of the fragmented ion, f = 7.60 min for PROG, 6.76 min for 
El, 7.05 min for E2, and 5.56 min for ADione. The time of sample injection 
to IX system was defined as != Omin. Note that pre-purification step 
using normal phase HPLC before injection to LC system is very important 
to achieve high precision and good reproducibility of LC-MS/MS 
determination in order to avoid contamination of other steroids and fats. 
Steroid-derivatives or steroids were further separated with reversed phase 
LC-column before MS/MS. In the multiple reaction monitoring mode, the 
instrument monitored the m/z transition (Table SI). 



cycle. If we assume that all the circulating PROG can pen- 
etrate into the hippocampus, a possible contribution of 
hippocampus-synthesized PROG may be 25-35 nM, approxi- 
mately a half of the total PROG in the hippocampus, inde- 
pendent of the estrous cycle. Female hippocampal level of 
PROG was higher than male one at all stages of estrous 
cycle. 

E1 (Figure 2-2; Table 1) 

The hippocampal El showed cyclic fluctuation, correlated with 
the plasma estrous cycle, with a peak at Pro (~0.36 nM) and low 
level at Est-D2 (0.05-0.07 nM). The phase of El cycle in the hip- 
pocampus looked similar to that in plasma. However, the El level 
was much higher (4-8 fold higher) in the hippocampus than that 
in plasma, indicating the net synthesis of El in the hippocampus. 



Interestingly, female hippocampal El was much higher than male 
(~0.015 nM) (Hojo et al, 2009). 

E2 (Figure 2-3; Table 1) 

The level of E2 in the female hippocampus showed a peak at 
Pro (~4.3nM), and decreased at Est, Dl and D2 (1.0-0.5 nM). 
Hippocampal E2 level was approximately 10-60-fold higher than 
that in plasma, suggesting that almost all the hippocampal E2 
is synthesized in the hippocampus. Interestingly, at all stages of 
estrous cycle, E2 level in the female hippocampus was much lower 
than that in male (~8.4 nM) (Hojo et al, 2009). 

The level of PROG, El, and E2 in the female hippocampus was 
relatively high in nanomolar range, although the absolute content 
of E2 was only ~0.1 1 ng (at Pro) in one hippocampus, because of 
the small volume of one hippocampus (~0.12 mL). 
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FIGURE 2 | Cyclic fluctuation of the levels of PROG (1), El (2), E2 (3), OVX rats were also used. Each value is mean ± sem. Statistical significance 

ADione (4), and T (5) in the female hippocampus and plasma. In each between 4 stages (Pro, Est, Dl and D2) was calculated by One-Way ANOVA 

panel, from left to right, male hippocampus (male), female hippocampus at followed by Dunnett's post hoc comparison. Concerning the post hoc 

Pro (P), Est (E), D1 (D1 ), D2 (D2), and OVX female hippocampus (OVX). For comparison, D1 for PROG and Pro for other steroids were used as control, 

comparison, male data are taken from Hojo et al. (2009). In panel (3), the *p < 0.05; **p < 0.01 . Concerning the comparison between male and 

magnified graph for plasma is also displayed, because the level of E2 in female, analysis was performed in same manner as above, except for male 

plasma was much lower than that in the hippocampus. For each estrous cycle group as control. Statistical significance with p < 0.01 was observed 

stage measurement, 3-6 rats were used, and totally 16 rats were used. Four between male and female which are indicated by "a" or "b." 



EFFECT OF OVX ON THE HIPP0CAMPAL SEX STEROID LEVELS 

By using the OVX rats, we investigated the net hippocampal 
synthesis level of sex steroids under the depletion of circulation- 
derived sex steroids, since OVX procedures eliminate the contri- 
bution of sex steroids via blood circulation. 

Upon OVX, the level of hippocampal sex steroids reached 
nearly its minimal level over 4 stages in the estrous cycle, but did 
not become zero. 

By OVX, plasma E2 was completely depleted (~0.005 nM), 
whereas the hippocampal E2 decreased to ~0.7 nM, which was 
identical to the level at Diestrus. OVX also decreased the hip- 
pocampal PROG to ~24.5 nM, close to the level at Est. A sig- 
nificant level of hippocampal El was remained (~0.025 nM) 
even after OVX, although the circulation-derived El was depleted 
(~0.002nM). This ~25 pM of El was close to the level at Est 
stage. These results imply that the synthesis activity of E2, PROG, 
and El in the female hippocampus is significant. The remaining 
PROG (~10.1nM) in plasma even after OVX may be derived from 
the adrenal gland via circulation. 



E2 replacement effects on OVX rats were investigated. E2 
(40 jig/kg body weight) was subcutaneously injected into OVX 
rats 5 h before measurements. Upon s.c. injection, hippocampal 
E2 level elevated to 3.8 nM that was almost identical to hippocam- 
pal E2 level at Pro, whereas plasma E2 level was 1.3 nM that was 
much higher than plasma E2 level at Pro (Table 1C). 

ANDROGENS (ADIONE AND T) IN THE FEMALE HIPPOCAMPUS 

In addition to hippocampal female sex steroids, we also deter- 
mined the level of androgens (ADione and T) in the female 
hippocampus. Determination of hippocampal androgens is 
important, because ADione and T are the precursors for El and 
E2, respectively. The hippocampal level of ADione and T at each 
stage of estrous cycle was much higher than that in plasma, sug- 
gesting the hippocampal androgen synthesis is significant in the 
female hippocampus (Figures 2-4, 2-5). 

The hippocampal level of ADione in the female changed along 
the estrous cycle, but peaked at both Pro and Dl, whereas plasma 
ADione showed a peak only at Pro. 
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FIGURE 3 | No significant change in expression levels of mRNAs for sex 
steroidogenic enzymes [A: 170-HSD1, B: 170-HSD3, C: P450(17a), and D: 
P450arom] in the female hippocampus across the estrus cycle. Upper 
panels show representative PCR images and lower panels show statistical 
comparisons. In each images, from left to right, size marker (100 bp ladder) 
(M), male hippocampus (male), female hippocampus at Pro (P), Est (E), D1 
(D1 ), D2 (D2), and OVX female rats (OVX), the sample without template DNA 
as negative control (Nc). For each enzyme, the RT-PCR products for mRNAs 
are visualized with ethidium bromide staining on the top of each panel. 



Southern hybridization (SH) of cDNA is also shown on the middle of each 
panel. As an internal control, the ethidium bromide staining of GAPDH is 
shown on the bottom of each panel. PCR was performed by using cDNA 
made by reverse transcription from 100 ng of hippocampal total RNA. 
Statistical comparisons show no estrus cycle-dependent changes of mRNA 
expression for sex-steroidogenic enzymes. The vertical axis indicates the 
expression level for each enzyme calculated from the intensity of EB bands. 
Each value is mean ± sem. Data are taken from duplicate determinations for 
each rat of total 4 rats. 



The hippocampal level of T did not considerably change along 
the estrous cycle (1.2-2.3 nM) (Figures 2-5, Table 1). On the 
other hand, plasma T clearly showed a peak at Pro (~0.10nM). 
Hippocampal T was much higher than plasma T, indicating the 
hippocampal synthesis of T. 

SEX DIFFERENCES OF THE HIPPOCAMPAL LEVEL OF SEX HORMONES 

The levels of PROG and El in the female hippocampus were 3-10 
times higher at all the stages of estrous cycle than those in male 
(Hojo et al., 2009). On the other hand, E2 level in the female hip- 
pocampus was much lower (~l/8) than that in male except at 
Pro. The level of T in the female hippocampus was much lower 
(~1/10) than that in male. 

It should be noted that the levels of plasma estrogens and 
androgens in Figure 2 showed typical estrous cycle dependent 
changes as previously reported elsewhere (Watanabe et al., 1990). 

MOLECULAR BIOLOGICAL ANALYSIS OF STEROIDOGENIC ENZYMES 
AND STEROID RECEPTORS IN THE FEMALE HIPPOCAMPUS 

The hippocampal expression of steroidogenic enzymes 
[P450arom, 17P-HSD (types 1 and 3) and P450(17a)] were 
examined. Typical RT-PCR images and comparison of mRNA 



expression levels were shown in Figures 3, 4. Surprisingly, 
no significant cyclic fluctuations across the estrus cycle were 
observed for their expression levels (normalized by GAPDH 
expression). Note that GAPDH expression itself was not changed 
across the estrus cycle. OVX did not change the expression level 
of any steroidogenic enzyme. Relative number of transcripts, 
expressed in the hippocampus of adult female rats, was ~ 1/600 
of that in the ovary for P450arom, ~ 1/200 of that in the ovary 
for 17P-HSD (type 1), ~l/300 of that in the testis for 17f5-HSD 
(type 2), and ~l/300 of that in the testis for P450(17ct). 

Again, no significant cyclic fluctuations across the estrus cycle 
were observed for the expression level of hippocampal ERa and 
ERf5 (Figure 4). The expression level of PROG receptor (PR) was 
also not significantly changed, although a slight elevation at D2 
was observed. Relative number of transcripts, expressed in the 
hippocampus of adult female rats, was ~l/30 for ERa, ~l/80 for 
ERp\ and ~1/10 for PR, respectively, of the ovary. 

CYCLIC FLUCTUATION OF SPINE DENSITY IN THE FEMALE 
HIPPOCAMPUS 

We examined the spine density and morphology of spines 
in four stages of estrous cycle in CA1 hippocampal neurons 
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FIGURE 4 | No significant change in expression levels of mRNAs for 
steroid receptors (ERa, ERp, and PR) and GAPDH in the female 
hippocampus across the estrus cycle. Upper panels show representative 
PCR images and lower panels show statistical comparisons. In each images, 
from left to right, size marker (100 bp ladder) (M), male hippocampus (male), 
female hippocampus at P E, D1, D2, and OVX female rats, the sample 
without template DNAas negative control (Nc). Ethidium staining and 
Southern hybridization (SH) are shown. PCR was performed by using cDNA 



made by reverse transcription from 100 ng of hippocampal total RNA. 
Statistical comparisons show very weak estrus cycle dependent changes of 
mRNA expression for steroid receptors (A-C) and GAPDH (D). The vertical 
axis indicates the expression level for each enzyme calculated from the 
intensity of EB bands. For GAPDH, relative expression level against that in 
male (normalized to 1.0) is presented. Each values are mean ± sem. 
Statistical significance, *p < 0.05; **p < 0.01 . Data are taken from duplicate 
determinations for each rat of total 4 rats. 



with perfusion-fixed slices. A significant cyclic fluctuation of 
spine density across the estrus cycle occurred (Figure 5). The 
total spine density showed the maximum at Pro, decreased 
from Pro to Est, increased from Est to Dl, decreased from 
Dl to D2, and increased from D2 to Pro. Further detailed 
analysis of head diameter distribution allowed us to distin- 
guish Pro spines from Dl spines, although they had almost 
the same density. At Pro, large-head spines (0.5-1.0 |im) 
are dominant whereas middle-head spines (0.4-0. 5u,m) are 
dominant at Dl. 

PROG CAN INCREASE THE SPINE DENSITY AS EXAMINED IN ACUTE 
SLICES (FIGURE 6) 

We tried to examine the effects of E2 and PROG on the 
spine density by using acute male hippocampal slices whose 
sex steroids were depleted (below 0.5 nM) due to steroid 
release to artificial cerebrospinal fluid during recovery incu- 
bation (Hojo et al., 2011; Ooishi et al, 2012). The spine 
density was significantly increased by the incubation of slices 
with 100 nM PROG which mimicked the PROG level at Dl 
(~90nM PROG). 



DISCUSSION 

FEMALE HIPPOCAMPAL LEVELS OF SEX STEROIDS ARE HIGHER THAN 
CIRCULATION LEVELS 

Until the current study, hippocampal levels of sex steroids 
(PROG, El, and E2) at each stage of the estrous cycle had not 
been demonstrated in female animals, although the estrous cycle- 
dependent fluctuation of circulating sex steroids is well known 
(Watanabe et al, 1990). The hippocampal levels of sex steroids 
were much higher than those in plasma, implying the net hip- 
pocampal synthesis of sex steroids does occur (Figure 2). 

CYCLIC FLUCTUATION OF HIPPOCAMPAL E2, E1, AND PROG 

The cyclic changes of El, E2, and PROG in the hippocampus 
were observed. El and E2 showed a peak at Pro and PROG 
showed a peak at Dl. We can interpret these phenomena as 
follows. The mRNA expression levels of the enzymes for estro- 
gen synthesis did not change significantly along the estrous cycle 
(Figure 3). Therefore, the capacity of endogenous synthesis of 
hippocampal estrogens (PROG, El, and E2) may approx. be 
the same between all the 4 stages of the estrous cycle. In this 
case, hippocampus-synthesized PROG (~30 nM) may almost be 
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Table 1 | Mass spectrometric analysis of the concentration of steroids in the hippocampus and plasma of adult female rats. 



Proestrus Estrus Diestrus 1 Diestrus 2 OVX 



(A) Hippocampus 



PROG (nM) a 


55.7±6.8 b (n c 


= 4) 


40.7 ± 7.8 (n = 4) 


87.0 ±8.1 (n = 


3) 


48.0 ±6.2 (ai = 4) 


24.5 ±3.3 (n 


= 5) 




PROG (ng/g wet weight) 


17.5 ±2.1 




12.8 ±2.5 


27.4 ±2.5 




15.1 ±1.9 


7.7 ± 1.0 






El (nM) 


0.36 ±0.07 (n = 


= 4) 


0.045 ± 0.004 [n = 4) 


0.05 ± 0.0/ (A) = 


4) 


0.10 ±0.01 (A7 = 4) 


0.025 ±0.003 


(A7 = 


3) 


El (ng/g wet weight) 


0.097 ±0.019 




0.012 ±0.001 


0.014 ±0.003 




0.027 ±0.003 


0.007 ± 0.001 






17IJ-E2 (nM) 


4.3 ± 1.0 (n = 


6) 


1.0 ±0.4 (n =4) 


0.51 ±0.05 (A) = 


= 3) 


0.7 ±0.1 (A7 = 4) 


0.7 ±0.1 (A) 


= 4) 




17U-E2 (ng/g wet weight) 


1.18±0.27 




0.27 ±0.11 


0.14 ±0.01 




0.33 ±0.03 


0.33 ±0.03 






ADione (nM) 


1.6 ±0.1 (n = 


4) 


0.7 ±0.1 (/) =4) 


1.1 ±0.4(n = 


4) 


0.83 ±0.08 (A) = 4) 








ADione (ng/g wet weight) 


0.46 ±0.03 




0.20 ±0.03 


0.32 ±0.11 




0.24 ±0.02 








T (nM) 


1.6 ±0.5 (n = 


4) 


2.3 ±1.1 (A)=4) 


1.3 ±0.6 (n = 


3) 


1.2 ±0.7 (A7 = 4) 








T (ng/g wet weight 


0.46 ±0.14 




0.66 ±0.32 


0.37 ±0.17 




0.35 ±0.20 








(B) Plasma 


PROG (nM) 


20.5 ±2.6 (n = 


4) 


16.7 ±2.3 (A) =4) 


51 .6 ± 17.9 (A) = 


= 3) 


24.1 ±7.3 (n = 4) 


10.1 ±1.6 (A) 


= 5) 




PROG (ng/g wet weight) 


4.4 ±0.8 




5.3 ±0.7 


16.2 ±5.6 




7.6 ±2.3 


3.2 ±0.5 






E1 (nM) 


0.082 ± 0.006 In 


= 4) 


0.004 ±0.001 (n = 4) 


0.009 ±0.001 (n 


= 4) 


0.031 ±0.002 (n = 4) 


0.002 ±0.001 


(n = 


4) 


E1 (ng/g wet weight) 


0.022 ±0.002 




0.001 ±0.000 


0.002 ±0.000 




0.008 ±0.001 


0.001 ±0.000 






17R-E2 (nM) 


0.111 ±0.008 [n 


= 6) 


0.017 ±0.005 (A) = 6) 


0.009 ±0.001 {n 


= 5) 


0.029 ±0.005 (n = 6) 


0.005 ±0.000 


(A) = 


5) 


17R-E2 (ng/g wet weight) 


0.030 ±0.002 




0.005 ±0.001 


0.002 ±0.000 




0.008 ±0.001 


0.001 ±0.000 






ADione (nM) 


1.0 ±0.2 (n = 


4) 


0.06 ±0.01 (n = 4) 


0.119 ±0.005 (n 


= 4) 


0.33 ±0.07 (n = 4) 








ADione (ng/g wet weight) 


0.29 ±0.06 




0.017 ±0.003 


0.034 ±0.001 




0.06 ±0.02 








T (nM) 


0.10 ±0.03 (n = 


= 4) 


0.013 ±0.004 (A) = 4) 


0.020 ± 0.007 (Al 


= 3) 


0.06 ±0.02 (n = 4) 








T (ng/g wet weight) 


0.029 ±0.009 




0.004 ±0.001 


0.006 ±0.002 




0.017 ±0.006 








(C) OVX ± E2 d 








Hippocampus 






Plasma 








17IS-E2 (nM) 






3.8 ±0.4 (n = 3) 






1.3 ±0.4 (n = 4) 








17R-E2 (ng/g wet weight) 






1.0 ±0.1 






0.36 ±0.10 









"Concentration in nM is calculated using the average volume of 0. 124 mL for one whole hippocampus that has 0. 124 ± 0.002 g wet weight In = 44). We assumed 

that tissue having 1 g of wet weight has an approximate volume of 1 ml, since the major part of tissue consists of water whose 1 mL weight is 1 g. The volume 

should be decreased by less than 10%, due to the specific volumes of proteins and lipids (0.7-0.8ml/g) (see Mcllwain, 1985). Intact shows the averaged values 

from intact and sham-operated rats, because there were no significant differences between these two groups of rats. 

b Data are expressed as mean ± sem. 

c Number of animals (i.e., the number of hippocampi). 

d E2 (40/j.g/kg body weight) was s.c. injected 5h before measurements. 



the same between all the 4 stages, therefore the addition of 
fluctuating plasma PROG (20-50 nM with a peak at Dl, pene- 
trating to the hippocampus) can create the cyclic fluctuation of 
the total hippocampal PROG which was synchronized with the 
plasma estrous cycle (Figure 2-1). Here, circulating PROG can 
penetrate into the hippocampus (Pardridge and Mietus, 1979). 
Fluctuating plasma ADione and El (with a peak at Pro) may 
also contribute to fluctuation of hippocampal ADione and El. 
As a result, the cyclic fluctuation of hippocampal E2 across 
the estrous cycle may be resulted from the conversion of fluc- 
tuating PROG/ADione/El to E2 by hippocampal steroidogenic 
systems. 

Since the hippocampal E2 is much higher (10-60 fold 
for E2) than that in plasma, a penetration of the circu- 
lating E2 into the hippocampus, however, cannot account 
for this cyclic fluctuation of hippocampal E2. The phase of 
fluctuation of hippocampal E2 is not coincident with the 
phase of PROG fluctuation, which may be due to the phase 



shift along several steps of steroid conversion from PROG 
to E2. 

By using OVX, we can evaluate possible fluctuation of 
hippocampus-derived steroidogenic capacity. In five OVX rats 
(plasma PROG fluctuation is depleted), we observed very small 
variation in hippocampal PROG, El, and E2 (Figure 2), imply- 
ing that hippocampal cyclic fluctuation should mainly be due 
to plasma PROG/ADione fluctuation. Between five OVX rats, 
we also observed no variation in hippocampal E2 and plasma 
E2. These findings imply that fluctuation of hippocampal E2 is 
mainly caused by plasma PROG/ADione fluctuation. Therefore, 
cyclic steroidogenic capacity of ovary probably adds fluctua- 
tion to hippocampal steady-state steroidogenic capacity that is 
deduced from the steady-state mRNA expression across the estrus 
cycle. 

The expression level of ERa, ERf5, and PR did not change sig- 
nificantly across the estrous cycle. These results also suggest that 
the cyclic change in the spine density is mainly induced by the 
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cyclic fluctuation of PROG and E2 in the hippocampus, but not 
by fluctuation of receptors. 

EARLIER STUDIES FOR OVX AND SPINE CHANGE 

Historically, it had been believed that the depletion of the 
circulation-derived E2 can cause the considerable decrease in 
E2 in the brain, because of the belief that the brain does 
not synthesize E2 (Woolley and McEwen, 1993; MacLusky 
et al, 2005; Chen et al., 2009). Figure 2 shows that upon 
OVX, the level of hippocampal estrogens reached nearly 
its minimal level across 4 stages in the estrous cycle (i.e., 
Dl), still much higher than the highest plasma E2 level at 
Pro (~0.1nM). OVX did not change the expression level 
of any steroidogenic enzymes (Figure 3). These results sug- 
gest that the female hippocampus keeps a significant activity 
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FIGURE 5 | Cyclic fluctuation of the density and morphology of spines 
across the estrous cycle in CA1 region of the female hippocampus 
(perfusion-fixed slices). (A) Spine images along the secondary dendrites 
in the stratum radiatum. Maximal intensity projections onto XY plane from 
z-series confocal micrographs (Max XY) for Pro, Est, D1, and D2. Spine 
images analyzed by Spiso-3D (S) and 3 dimensional model illustration 
(Model). (B) Total spine density of CA1 neurons of female and male 
hippocampus. From left to right, Pro (black column). Est (white column), D1 
(hatched column), D2 (dotted column), and male (gray column). (C) Density 
of three subtypes of spines, i.e., small-head spines (small), middle-head 
spines (middle), and large-head spines (large). Male spine data are nearly 
the same as those of female at Pro. Vertical axis is the average number of 
spines per 1 \im of dendrite. For each estrus stage of female or male, we 
investigated 3 rats, 6 slices, 12 neurons, 24 dendrites, and 3000-4000 
spines. Female Pro is used for control. Statistical significance between 4 
stages was calculated by One-Way ANOVA followed by Dunnett's post-hoc 
comparison. *p < 0.05; **p < 0.01 . Statistical significance with p < 0.01 
was observed between male and female which are indicated by "a" or "b." 
Scale bar, 5 \i.m. 



of estrogen synthesis even after the depletion of circulation- 
derived estrogens. 

The density of spines decreases by 25-50% after OVX in 
hippocampal CA1 neurons (Gould et al, 1990; Woolley and 
McEwen, 1993). These observations have been explained as the 
results from depletion of plasma E2. This decrease in the den- 
sity of spines can be partially explained by the decrease in the 
hippocampal E2 level to ~0.7 nM (similar to Dl and D2). 

Another factor of spine decrease may be a decline in hip- 
pocampal PROG. Upon OVX, hippocampal PROG decreased to 
the level which is lower than the lowest level of PROG across 
the estrous cycle (Est). Both PROG and E2 showed enhance- 
ment effects on the spinogenesis (Figure 6; (Mukai et al., 2007)). 
Taken together, the effect of E2 and PROG on spinogenesis can be 
explained by their hippocampal level rather than plasma level. 

As a model of E2 replacement therapy, the decrease in the 
density of spines in OVX rats is rescued by s.c. injection of 
E2 (Woolley and McEwen, 1993; MacLusky et al, 2005). These 
results can be explained by increase in the level of hippocampal 
E2 by penetration of injected E2. To verify the explanation, we 
measured hippocampal E2 upon E2 replacement. Subcutaneous 
injection of E2 (40 |xg/kg body weight) elevated the hippocam- 
pal E2 level to 3.8 nM that was almost identical to that at Pro 
(Table 1C), supporting that such a low dose of E2 injection can be 
powerful enough to rescue the spine density of OVX rats in early 
studies (Woolley and McEwen, 1993; MacLusky et al, 2005). 

CYCLIC FLUCTUATION OF HIPPOCAMPAL SPINE DENSITY DUE TO 
CYCLIC FLUCTUATION OF TOTAL HIPPOCAMPAL PROG AND E2 

We newly found out the difference in dendritic spine density 
between at Dl and D2. The spine density showed the maximum 
at Pro, decreased from Pro to Est, increased to Dl (almost same 
level as Pro), decreased to D2 (almost same level as Est), and 
increased again to Pro (Figure 5). If spine density at Dl and D2 
are averaged as Diestrus (D), the spine density at D is an inter- 
mediate level between Pro and Est, which is consistent with the 
previous study (Woolley et al., 1990). Importantly, earlier studies 




100 nM PROG 



FIGURE 6 | Effect of E2 and PROG on spines of CA1 neurons in acute 
slices of the hippocampus. Vertical axis is the total number of spines per 
1 yim dendritic segment. Results are represented as means ± sem. 
*p < 0.05. For each drug treatment, we investigated 3 rats, 6 slices, 
12 neurons, 24 dendrites, and 1400-2000 spines. 
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did not distinguish Dl from D2 concerning the spine density and 
morphology as well as E2/PROG levels. 

In order to explain the observed cyclic fluctuation of the spine 
density, we consider the contribution of not only E2 level but also 
PROG level. Hippocampal level of E2 alone does not account for 
it because hippocampal E2 at Dl is the lowest (0.5 nM) whereas 
the spine density at Dl is the highest. The effect of PROG should 
be considered. At Dl, hippocampal PROG with the peak value of 
90 nM may significantly increase the spine density, while 0.5 nM 
E2 may be less effective on spinogenesis (Mukai et al, 2007). 
At Pro, in contrast, hippocampal E2 (4.3 nM on average) may 
significantly contribute to the spinogenesis, because hippocam- 
pal PROG level at Pro is approx. half of Dl. This hypothesis 
is supported by the experiments on spinogenesis using isolated 
acute hippocampal slices. As shown in Figure 6, 100 nM of PROG 
(close to Dl condition) significantly elevated spine density. 

CONSIDERATION OF KINASE ACTIVITY OR SYNAPTIC PROTEIN 
EXPRESSION 

The kinase activity, steroidogenic enzyme activity or synaptic 
protein expression levels may fluctuate across the estrous cycle, 
although the mRNA expression levels of the enzymes for estrogen 
synthesis did not change significantly along the estrous cycle. For 
example, the order of phosphorylation level is Pro > Diestrus (D) 
(Dl plus D2) for Erk MAP kinase, Pro > D > Est for Akt kinase, 
and Pro > Est ~ D for LIM kinase (LIMK), respectively (Bi et al., 
2001; Znamensky et al, 2003; Spencer et al, 2008). Note that the 
activity of P450arom (E1/E2 synthase) decreases upon phospho- 
rylation by PKA or PKC (Balthazart et al, 2006). If the activity of 
PKA or PKC fluctuates, then following P450arom activity change 
may generate hippocampal E1/E2 fluctuation across the estrous 
cycle. Note that in these studies, Dl and D2 are mixed up as 
Diestrus (D). 

E2 may play a key role in the regulation of the phospho- 
rylation level of kinases and synaptic proteins. E2 replacement 
in OVX rats increases the phosphorylation of Erk MAPK and 
NR2 subunit of NMDA receptors in the hippocampus (Bi et al., 
2001). The expression level of PSD-95 is higher at Pro than Est 
or D (Znamensky et al., 2003; Spencer et al., 2008; Yildirim 
et al, 2008). Activation of MAPK is essential for E2-induced 
spinogenesis (Mukai et al, 2007, 2010). 

Therefore, the fluctuation of hippocampus-synthesized sex 
steroids (E2, El, and PROG) might also change in hippocampal 
spinogenesis (Figure 5) (Woolley and McEwen, 1992) or magni- 
tude of LTP (Warren et al, 1995; Good et al, 1999; Bi et al, 2001) 
via change in the phosphorylation level of kinases or expression 
levels of synaptic proteins. 

DIFFERENCE BETWEEN FEMALE AND MALE IN THE HIPPOCAMPAL 
SYNTHESIS OF STEROIDS 

Surprisingly, the expression levels of sex steroidogenic enzymes 
including P450arom, 17f5-HSD and P450(17a) were not 
significantly different between female and male hippocampus 
(Figure 3). 

On the other hand, the level of sex-steroids (such as PROG, 
T, and E2) is significantly different between female and male. It 
may be due to the difference in precursor steroids supplied via 



circulation between female and male. Most abundant precursor 
steroids for synthesis of sex steroids in the hippocampus may 
be PROG from ovary (20-50 nM) in female, and T from testis 
(~15nM) in male, respectively. The level of PROG in the female 
hippocampus was 3-6 fold higher than that in male over all the 4 
stages of the estrous cycle. The level of T in the female hippocam- 
pus was much lower (~1/10) than that in male. Interestingly, E2 
level in the female hippocampus (0.6-4.3 nM) was lower than that 
in male (~8 nM). The high level of male hippocampal E2 (8 nM) 
may be, partly due to, conversion from circulating (high level) 
T (~15 nM), penetrating into the hippocampus. The moderately 
high level of female hippocampal E2 (0.5-4.3 nM) maybe mainly 
due to conversion from circulating PROG (20-50 nM) in addi- 
tion to hippocampus-synthesized PROG, since circulating E2, El, 
T were too low (< 1 nM) to contribute. 
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SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found 
online at: http://www.frontiersin.org/journal/10.3389/fncir. 
2013.00149/abstract 

Figure SI | Steroid derivatives and their fragmented ions used for analysis 
with LC-MS/MS. (A) PROG (m/z = 315) and its fragmented ion (m/z = 97), 

(B) E1-3-picolinoyl-ester (m/z = 376) and its fragmented ion (m/z = 157), 

(C) E2-3-pentafluorobenzoxy-17-picolinoyl-ester (m/z = 558) and its 
fragmented ion (m/z = 339), (D) ADione (m/z = 287) and its fragmented 
ion (m/z = 109), (E) T-17-picolinoyl-ester (m/z = 394) and its fragmented 
ion (m/z = 253). Picolinoyl-ester is used for induced-inonization, and 
pentafluorobenzoxy-ester is particularly used to increase evaporation 
probability of E2. Note that PROG and ADione were measured without 
derivatization. 

Figure S2 | Calibration curves for LC-MS/MS using standard steroids 

dissolved in ethanol. Horizontal (x) axis indicates the concentration of 

added standard steroid. Vertical (y) axis indicates the relative intensity 

obtained from the chromatogram. (A) Calibration curve for PROG. 

Linearity was observed between 2 pg/mL and 1250 pg/mL. (B) Calibration 

curve for E1. Linearity was observed between 1 pg/mL and 1000pg/mL. 
(C) Calibration curve for E2. Linearity was observed between 0.1 and 

1000 pg/mL. (D) Calibration curve for ADione. Linearity was observed 

between 2 and 1250pg/mL. (E) Calibration curve for I Linearity was 

observed between 0.5 and 1000pg/mL. 

Figure S3 | Amplification curves for steroidogenic enzymes and receptors. 

The PCR cycle numbers within linear phase are indicated in the 
parentheses. Each PCR amplification curve was obtained from cDNA 
made by reverse-transcription from 100 ng of hippocampal total RNA from 
the hippocampus. These cDNA templates were used for the experiments 
shown in Figures 3, 4. See also Table S2. 

Table S1 | The intra-and inter-assay of accuracy and precision as well as 
the limit of quantification (LOQ) for each steroid. 

Table S2 | The sequence of primer oligonucleotides for PCR amplification. 

Table S3 | The accuracy of steroid determination for hippocampal tissue 
spiked with exogenous steroids. 
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